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OBJECTIVES: 


This  is  an  AASERT  award  in  support  of  a  parent  Air  Force  contract  (F19628-93-K-0015)  from 
Rome  Laboratories  at  Hanscom  AFB.  It  was  used  to  support  the  research  work  of  a  graduate 
student  (Byong  Kim)  on  this  project  which  was  for  us  to  improve  the  understanding  of  internal 
photoemission  for  Schottky-barrier  IR  detectors  (SBIRDs)  and  to  attempt  to  use  this  improve 
understanding  to  design  either  more  efficient  SBIRDs  or  SBIRDs  with  improved  wavelength  of 
operation  or  to  increase  the  operating  temperature.  We  used  the  newly  developed  technique  of 
ballistic  electron  emission  microscopy  to  carry  out  this  work. 

Accomplishments/New  Findings: 

This  AASERT  award  was  used  to  support  Mr.  Byong  Kim.  This  report  reviews  the  additional 
effort  made  possible  on  the  parent  grant  by  the  AASERT  award.  The  parent  contract  has 
separate  reporting  requirements  and  all  the  information  reported  here  has  been  included  in  these 
reports.  A  copy  of  the  final  report  to  the  Air  Force  covering  this  work  is  attached.  In  addition. 
Dr.  Kim  has  written  up  his  research  results  in  a  Ph.D.  thesis  which  we  can  supply  to  AFOSR  if 
desired.  Dr.  Kim  is  a  US  citizen,  received  his  B.A.  in  Physics  and  Psychology  from  Rutgers 
University  in  May,  1991,  and  entered  our  graduate  program  in  the  fall  of  1991.  He  passed  the 
Qualifying  Examination  in  September  of  1992  and  passed  his  Candidacy  Examination  in  June  of 
94.  He  completed  all  the  required  courses  and  maintained  a  3.925  QPA  (out  of  4.0).  He 
defended  his  Ph.D.  thesis  in  July  of  1996. 

His  thesis  project  involved  the  epitaxial  growth  of  insulator  (CaF2)  on  Si  as  well  as  of  metals  (Pt, 
PtSi,  Co  and  CoSia)  atop  CaFa/Si  structures.  He  has  been  characterizing  the  electronic  transport 
across  the  CaFa  intralayer  using  conventional  I-V  spectroscopy.  He  also  started  a  collaboration 
with  Dr.  Carl  Ventrice,  Jr.  and  Vincent  LaBella  (who  is  currently  working  on  his  Ph.D.  thesis  with 
me)  to  characterize  the  properties  of  the  very  thin  CaFa  layers  using  UHV  ballistic-electron- 
emission  microscopy  (BEEM).  This  work  is  continuing  after  Dr.  Kim’s  departure. 
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Interactions/Transitions: 

Byong  Kim  and/or  Leo  Schowalter  have  presented  the  research  work  covered  by  this  grant  at  the: 

•  1995  March  Meeting  of  The  American  Physical  Society; 

•  Fifth  International  Conference  on  the  Formation  of  Semiconductor  Interfaces  (ICFSI- 
5IJune95); 

•  Gordon  Research  Conference,  July,  1995; 

•  the  1995  Fall  Materials  Research  Society  Meeting,  Dec.,  1 996; 

•  the  1996  TMS  Annual  Meeting,  Feb.,  1996  (invited  talk); 

•  the  1996  Spring  Materials  Research  Society  Meeting,  April,  1996; 

•  the  1996  American  Vacuum  Society  Meeting,  Oct.,  1996  (oral  presentation  scheduled). 

•  the  1996  Fall  Materials  Research  Society  Meeting,  Dec.,  1996  (oral  presentation  scheduled). 

In  addition,  either  Prof.  Leo  Schowalter,  Byong  Kim,  or  both  have  visited  Rome  Laboratories  at 
Hanscom  AFB  to  describe  the  current  status  of  their  work  eight  times  during  the  life  of  this 
AFOSR  grant. 

New  discoveries,  inventions  and  patent  disclosures 

We  have  filed  a  patent  disclosure  entitled  “Precise  control,  on  a  molecular  level,  of  a  epitaxial 
insulator  across  a  large  area  substrate.”  This  disclosure  details  the  technique  we  have  developed 
for  growing  precisely  2  monolayers  of  CaF2  across  almost  all  (except  in  regions  where  thick 
islands  of  CaF2  are  formed)  of  a  large  area  substrate  in  spite  of  local  fluctuations  in  the  deposition 
rate.  We  claim  that  this  technique  will  be  useful  for  the  formation  of  tunnel-bamer  devices.  Of 
particular  interest  for  the  Air  Force  on  this  contract,  is  the  use  of  a  tunnel-bamer  to  tailor  the 
Schottky  barrier  in  an  infrared,  Schottky-barrier  detector.  At  the  present  time,  it  does  not  appear 
that  Rensselaer  will  pursue  patent  protection  on  this  invention. 
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This  contract  was  for  us  to  improve  the  understanding  of  internal  photoemission  for  Schottky- 
barrier  IR  detectors  (SBIRDs)  and  to  attempt  to  use  this  improve  understanding  to  design  either 
more  efficient  SBIRDs  or  SBIRDs  with  improved  wavelength  of  operation  or  to  increase  the 
operating  temperature.  Below,  we  have  summarized  our  work  in  five  areas  on  this  project.  The 
first  area,  covered  in  Sec.  I,  is  the  development  of  calcium  fluoride  tunnel  barriers  which  may  be 
used  to  increase  the  operating  temperature  of  PtSi  SBIRDs.  In  particular,  we  have  demonstrated 
a  new  technique  for  growth  of  exactly  two  monolayers  of  CaF2  on  Si(lll)  substrates.  In  Sec.  n, 
we  describe  our  work  with  ballistic  electron  emission  microscopy  to  determine  electron  scattering 
processes  in  thin  metal  layers  and  at  metal/Si  interfaces.  During  this  contract,  we  constructed  an 
in-situ  STM/BEEM  system  which  allowed  us  to  make  measurements  directly  on  PtSi  and  Pt 
surfaces  without  having  to  protect  these  surfaces  from  oxidation.  Our  preliminary  results  with 
this  instrument  are  described  in  Sec.  El.  Sec.  TV  describes  the  theoretical  model  we  have 
developed  which  explains  why  the  Fowler-like  behavior  typically  observed  in  the  photoresponse 
for  many  Schottky-barrier  metal/semiconductor  interfaces  does  not  prove  that  crystal  momentum 
parallel  to  the  interface  is  conserved.  In  fact,  it  is  more  likely  an  indicator  that  scattering  at  the 
interface  dominates  and  crystal  momentum  is  not  a  good  quantum  number  at  all.  Finally,  in  Sec. 
V,  we  describe  the  Monte-Carlo  program  that  we  have  developed  to  model  ballistic  electron 
scattering  in  thin  metal  layers  and  across  the  metal/semiconductor  interface.  Initial  results 
demonstrate  that  electron  (or  hole)  scattering  at  the  metal/semiconductor  interface  may,  in  fact,  be 
the  dominant  transmission  mechanism  for  most  (nonepitaxial)  metal/semiconductor  systems. 

Details  of  papers  published,  presentations,  meeting  attendance,  and  interactions  are  given  at  the 
end  of  this  report. 

L  Calcium  fluoride  tunnel  barriers 

Summary  of  this  work: 

A  new  technique  for  growth  of  exactly  two  monolayers  of  CaF2  on  Si(lll)  substrates  is 
demonstrated.  This  technique  takes  advantage  of  the  tendency  of  CaF2  to  form  thick 
islands  at  Si  step  edges  on  vicinal  substrates  once  a  two-monolayer  thick  wetting  layer  is 
deposited.  A  comparison  of  I-V  characteristics  for  epitaxial  CaF2  layers  grown  on  on-axis 
versus  off-axis  substrates  demonstrates  the  advantages  of  this  technique.  This  techniques 
has  potential  application  for  tunnel  barriers  and  other  applications  where  precise  control  of 
the  thickness  of  a  very  thin  layer  is  crucial.  In  particular,  we  believe  that  these  tunnel 
barriers  can  be  used  to  reduce  the  ratio  of  dark  current  to  signal  at  higher  operating 
temperatures  for  Schottky-barrier  IR  detectors  (SBIRDs). 

For  these  studies,  thin  CaF2  films  were  grown  at  770  °C  by  molecular  beam  epitaxy  on 
Si(lll)-(7x7)  substrates  which  were  miscut  by  either  ~2°,  ~0.5°,  or  ~0.1°  toward  the11'2  azimuth. 
Prior  to  growth,  the  substrates  were  prepared  by  a  standard  RCA  chemical  clean  followed  by  a 
heat  cleaning  to  975  °C  for  35  minutes  in  the  MBE  growth  chamber;  further  details  are  given  in 
Refs.  6  and  7.  The  surface  of  the  epitaxial  CaF2  films  was  characterized  in-situ  with  reflection 
high  energy  electron  diffraction  (RHEED),  using  14  keV  electrons,  and  ex-situ  with  atomic  force 
microscopy  (AFM).  The  average  thickness  of  films  was  determined  by  Rutherford  backscattering 
spectrometry  (RBS)  using  2  MeV  He+2  ion  beam.  Metal-insulator-semiconductor  structures  were 
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prepared  for  I-V  measurements  by  evaporating  Au  dots  (7xl0'2  cm2  in  area  and  —100  nm  in 
thickness)  through  a  shadow  mask  onto  the  epitaxial  CaF2  layers,  by  using  a  resistively  heated 
Tungsten  boat  placed  in  a  conventional,  high  vacuum  chamber. 

A  typical  RHEED  intensity  temporal  profile,  monitored  during  CaF2  growth  at  770  °C,  is 
shown  in  Fig.  la.  After  CaF2  deposition  is  initiated,  the  specular  diffraction  spot  RHEED 
intensity  shows  almost  two  complete  oscillations  which  indicates  that  the  single,  step  density 
oscillates  as  monolayer-high  islands  nucleate  and  then  coalesce3.  After  the  second  peak,  the 
RHEED  intensity  decays  gradually  to  a  constant  level  indicating  that  the  step  density  approaches  a 
constant  value  as  further  CaF2  growth  proceeds.  The  CaF2  flux  was  determined  in-situ  by 
associating  the  second  peak  in  the  RHEED  intensity  profile  with  2  monolayers  (MLs)  of  CaF2 
deposition.  This  assumption  was  verified  by  demonstrating  that  the  average  CaF2  film  thickness 
determined  by  RHEED  dmiEED  corresponded  very  well  to  the  average  CaF2  film  thickness 
determined  by  Rutherford  backscattering  spectrometry  (RBS)  dRBs  as  shown  in  Fig.  lb. 

The  surface  morphology  (Fig.  2a)  of  a  0.5±0.2-nm-thick  CaF2  film  grown  at  770  °C  on  the 
2°  miscut  Si  substrate  exhibits  random  corrugations,  which  have  an  average  height  of  0.45+0. 1 
nm  and  a  diameter  of  30+15  nm,  over  the  entire  Si  surface.  This  result  is  consistent  with  the 
oscillations  in  the  RHEED  intensity  observed  at  the  initiation  of  epitaxy  and  indicates  that  the 
wetting  layer  grows  by  formation  and  coalescence  of  isolated  islands  of  atomic  height  on  the  Si 
terraces.  Under  these  growth  conditions,  similar  findings  have  been  reported  by  Tromp  et  al.4 
using  in-situ  low  energy  electron  microscopy  (LEEM)  and  also  by  Avouris  et  al.5  using  ultra-high 
vacuum,  scanning  tunneling  microscopy.  CaF  (layer  1)  and  CaF2  (layer  2) 

The  evolution  of  CaF2  surface  morphology  observed  beyond  2  MLs  (for  the  CaF2  films 
grown  at  770  °C  on  2°  miscut  substrates)  as  characterized  by  AFM  is  illustrated  in  Figs.  2b  to  2d. 
It  shows  that  thick  islands  (in  triangular  shapes  with  an  average  height  of  ~5  nm)  are  nucleated  at 
the  Si  step  edges  which  are  bunched  into  step  bands  with  an  average  height  of  ~3  nm  (Fig.  2b). 
These  islands  grow  laterally  (in  trapezoidal  shapes)  along  the  step  bands  (Fig.  2c)  until  they 
coalesce  and  form  a  complete  overlayer  after  ~5.2  nm  of  CaF2  is  deposited  (Fig.  2d). 

The  plot  shown  in  Fig.  3  summarizes  the  early  stages  of  CaF2  epitaxy  at  770  °C  on  both  2° 
and  0.5°  miscut  Si  (111)  substrates.  By  linearly  fitting  the  data  points  in  the  plot,  we  have 
extracted  a  simple  equation  of  the  form: 

dB  =  dc  +  di  ■  f,  (1) 

where  dB  corresponds  to  the  average  CaF2  thickness  (as  determined  by  RBS),/ corresponds  to  the 
fraction  of  area  covered  by  CaF2  islands  (as  determined  by  AFM),  dc  and  dj  are  fitting  parameters 
corresponding  to  the  wetting  layer  thickness  and  the  average  island  height,  respectively.  For  2° 
miscut  substrate,  the  best-fit  values  of  di  =5.19  nm  and  dc  =0.54  nm  were  determined  while 
corresponding  fit  values  on  the  0.5°  miscut  substrate  were:  d,  =1.91  nm  and  dc  =0.21  nm.  This 
linear  relationship  between  /  and  dB  demonstrates  an  unusual  growth  behavior  after  the  CaF2 
wetting  layer  (dc)  is  formed.  Thick  island  nucleation  occurs  in  triangular  shapes  at  the  step  bands 
only  after  this  wetting  layer  is  formed.  Remarkably,  once  nucleated,  the  thick  islands  grow 
laterally  along  the  step  bands  with  a  constant  island  height  (di)  to  eventually  form  a  flat  overlayer 
(i.e.,  dB-  dc  +  di  at/=l).  In  agreement  with  this  simple  picture,  we  find  that  the  CaF2  uniformly 
covers  the  entire  surface  when  the  total  layer  thickness  exceeds  5.73  nm  or  2.12  nm  on  vicinal 
substrates  miscut  by  2°  or  0.5°,  respectively. 

The  specular  diffraction  spot  RHEED  intensity  profile,  monitored  during  CaF2  epitaxy  on 
well  oriented  (<0.1°  miscut)  substrates,  indicates  that  the  growth  proceeds  in  a  layer-by-layer 


mode  up  to  2  MLs  in  the  same  fashion  as  nucleation  observed  on  both  0.5°  and  2°  miscut 
substrates.  However,  unlike  the  vicinal  substrates,  growth  beyond  the  first  2-MLs  proceeds  in  a 
step  flow  fashion  without  the  formation  of  thick  islands.  Furthermore,  we  observe  the  onset  of 
line-defect  formations,  characteristic  of  misfit  dislocations,  for  films  thicker  than  3  nm  On  the 
somewhat  thicker  layer  for  a  total  thickness  of  a  5.210.7  nm,  evidence  for  a  regular  array  of  misfit 
dislocations,  which  densified  with  film  thickening,  is  observed  (Fig.  4).  Almost  identical  misfit- 
dislocation  configurations  have  also  been  reported  by  Tromp  et  al.4  who  studied  the  strain 
relaxation  mechanism  by  following  the  growth  of  CaF2  at  770  °C  on  well-oriented  Si(lll) 
substrates  with  in-situ  LEEM. 

Figs.  5a  and  5b  Show  a  series  of  current  density-voltage  (J-V)  curves  taken  on  the  CaF2 
layers  of  various  film  thickness  grown  on  2°  miscut  and  0.1°  miscut  Si(lll)  substrates, 
respectively.  Looking  at  the  shape  of  the  J-V  curves.,  one  can  see  that,  on  2°  miscut  substrates, 
the  current  density  progressively  shifts  downward  in  correspondence  with  increasing  film 
thickness.  This  point  is  highlighted  in  the  inset  (marked  as  open  circles)  of  Fig.  5b,  a  plot  of  J  at 
1  V  for  different  values  of  film  thickness,  which  illustrates  the  current  reduction  of  an 
approximately  two  orders  of  magnitude  between  the  thinnest  (0.5  nm)  and  thickest  (5.2  nm)  films 
grown  on  2°  miscut  substrates.  On  the  other  hand,  as  shown  in  Fig.  5b,  a  completely  different 
conduction  behavior  is  observed  for  films  grown  on  0.1°  miscut  substrates  in  which  the  J-V  curve 
of  a  2.7  nm  thick  film  lies  below  that  of  the  thinnest  film  (0.8  nm),  while  for  thicker  films  (3.4  nm 
and  5.2  nm)  the  curves  are  positioned  above  that  of  the  thinnest  film.  This  point  is  also 
highlighted  in  the  inset  (marked  as  closed  circles)  of  Fig.  5b  which  shows  the  initial  decrease 
followed  by  subsequent  increase  in  the  current  density  with  film  thickening. 

The  electrical  results  in  Figs.  5  have  a  strong  correspondence  with  our  AFM  data  which 
demonstrated  the  onset  of  dislocation  nucleation  at  critical  thickness  of  ~3  nm  for  films  grown  on 
0.1°  miscut  substrates,  while  line-defect  free  terraces  were  observed  up  to  9  nm  for  films  grown 
on  2  miscut  substrates.  Under  an  assumption  that  the  2.7  nm  thick  film  in  Fig.  5b  is  coherently 
strained,  the  current  conduction  in  the  film  is  expected  to  be  smaller  than  that  of  the  0.8  nm  thick 
film.  However,  upon  crossing  the  critical  thickness  at  ~3  nm,  misfit  dislocations  are  nucleated  at 
the  interface,  which  may  provide  a  pathway  for  the  larger  current  flow  in  films  thicker  than  3  nm 
It  should  be  also  noted  that  the  current  flow  in  films  thicker  than  3  nm  grown  on  2°  miscut 
substrates  is  approximately  two  orders  of  magnitude  smaller  than  for  films  grown  on  0.1°  miscut 
substrates.  The  J-V  trend  on  2°  miscut  substrates  may  represent  epitaxial  films  which  are  largely 
made  up  of  coherent  structures,  and  the  misfit  dislocations  and  increased  defect  concentration  in 
the  relaxed  films  of  0.1°  miscut  substrates  may  allow  for  the  larger  current  conduction  than  in  the 
apparent,  pseudomorphic  films  of  2°  miscut  substrates,  as  observed  in  Figs.  5. 

In  conclusion,  we  have  shown  that  at  770  °C  on  clean  Si(l  1 1)  7x7  surfaces,  CaF2  first  forms 
a  2-MLs-thick  wetting  layer,  which  exhibit  a  rough  surface,  in  a  layer-by-layer  mode.  However, 
subsequent  growth  beyond  2  MLs  depends  strongly  on  substrate  misorientation.  On  vicinal 
substrates,  CaF2  growth  proceeds  by  the  nucleation  and  coalescence  of  apparent,  pseudomorphic 
islands  at  Si  step  bunches.  While  on  well  oriented  substrates,  CaF2  grows  rather  uniformly 
without  forming  thick  islands.  In  this  case,  misfit  strain  is  apparently  relieved  by  nucleating 
dislocations  with  critical  thickness  at  ~3  nm  c 
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Fig.  1. 


^  sPecu*ar  dif&action  spot  RHEED  intensity  profile  monitored  during  a  5.2±0.7-nm-thick 
CaF2  epitaxy  on  the  0.5°  miscut  Si(lll)  substrate  at  770  °C.  The  RHEED  intensity  profile 
initially  shows  almost  two  oscillations  which  correspond  to  2  MLs  of  layer-by-layer  CaF2 
growth,  (b)  The  average  CaF2  film  thickness  determined  by  RHEED  (dunam)  is  plotted  as  a 
fimcuon  of  the  average  CaF2  film  thickness  determined  by  RBS  (dags).  The  CaF2  thickness, 
damm,  was  measured  by  associating  the  second  peak  of  oscillations  in  die  RHEED  intensity 
profile  with  2  MLs  for  the  CaFj  grown  at  770  °C. 


r 


Fig.  3.  The  average  CaF2  thickness  dB  (as  measured  by  BBS)  is  plotted  versus  the  fraction /(as  measured 

by  AFM)  of  the  wetting  layer  covered  by  thick  CaF2  islands  for  2°  (open  circle)  and  0.5°  (solid 
circle)  miscut  Si(l  11)  substrates. 
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H.  Measurement  of  Hot-Electron  Scattering  Processes  at  Schottky  Interfaces  by 
Temperature-Dependent  Ballistic  Electron  Emission  Microscopy 

Summary  of  this  work: 

emission  microscopy  measurements  have  been  performed  on  n-type 
Au/SidOO)  interfaces  for  injection  energies  up  to  1.2  eV  over  a  range  of  Au  overlayer 
thicknesses  from  -65  A  to  -340  A  at  both  room  temperature  and  77  K.  Hot-electron 
attenuation  lengths  in  the  Au  overlayer  have  been  determined  to  be  133  ±2  A  at  room 
temperature  and  147  ±6  A  at  77  K  over  the  energy  range  of  0.92  eV  to  1.20  eV  above  the 
Fermi  level  The  lack  of  energy  dependence  and  the  relatively  small  temperature-dependent 
c  ange  m  the  attenuation  lengths  that  have  been  measured  indicate  that  electron  scattering 
with  defects  is  the  dominant  mechanism  affecting  hot-electron  transport  in  these  Au 
overlayers.  The  ratio  of  the  zero  thickness  collection  current  at  77  K  to  that  at  room 
temperature  has  been  measured  to  be  1.79  ±0.09.  Hiis  large  increase  in  the  collection 
efficiency  at  77  K  is  attributed  primarily  to  the  large  temperature  dependence  of  the 
transverse  acoustic  phonon  population  in  Si.  Images  with  significant  reductions  in  the 
collection  current  at  topographic  locations  which  have  a  large  surface  gradient  have  been 
obtained  at  room  temperature.  Calculations,  which  assume  that  the  probability  of 
transmission  across  the  interface  is  independent  of  the  transverse  momentum  of  the 
electron,  correlate  well  with  the  experimentally  observed  reductions.  This  result  indicates 
that  the  injected  electrons  remain  forward  focused  with  little  broadening  as  they  pass 
through  the  Au  overlayer  which  implies  that  elastic  scattering  at  the  Au/Si  interface 
accounts  for  the  observation  from  previous  Au/Si  ballistic  electron  emission  microscopy 
studies  that  transverse  momentum  is  not  conserved. 

IIA.  Introduction 


fundamental  understanding  of  the  various  hot-electron  scattering  processes  at  metal- 
semiconductor  (M-S)  mterfaces  is  important  for  the  optimization  of  the  transport  properties  of 
many  electronic  devices  such  as  metal-base  transistors  and  infrared  Schottky  photodiodes.  During 
the  initial  stages  of  the  development  of  solid-state  technology  in  the  1960’s,  there  was  a 
considerable  research  effort  in  this  field.  Hie  primary  experimental  method  which  was  used  to 
measure  the  scattering  lengths  of  hot-electrons  in  metals  during  that  time  was  internal 
photoemission  .  This  technique  measures  the  photoresponse  of  a  M-S  interface  over  a  series  of 
metal  film  thicknesses  to  determine  the  attenuation  length,  Xa,  of  the  photoexcited  electrons. 

owever,  extracting  the  path  length  for  inelastic  scattering  from  this  data  is  complicated  by  the 
fact  that  tiie  penetration  depth  of  the  photons  in  the  metal  as  well  as  the  energy  distribution  of  the 
photoexcited  electrons  is  dependent  on  the  photon  energy.  In  addition,  the  kinetic  energy  range 
over  which  Xa  can  be  measured  is  limited  to  the  band  gap,  Eg,  of  the  semiconductor.  The 
uncertainty  in  these  early  internal  photoemission  measurements  is  exemplified  by  the  fact  that 

values  of  K  ranging  from  740  A  to  330  A  at  a  photon  energy  of  -1  eV  have  been  reported  for 
Au/Si  samples  by  different  research  groups2"4. 

The  development  of  ballistic  electron  emission  microscopy  (BEEM)  by  Bell  and  Kaiser5  has 
provided  the  scientific  community  with  a  powerful  new  tool  for  determining  hot-electron 
sea  enng  lengths  at  M-S  interfaces.  BEEM  is  a  scanning  tunneling  microscopy  (STM)  based 


technique  where  the  STM  tip  is  used  as  a  very  narrow,  energy-tunable,  forward-focused  source 
for  electron  injection  into  a  metal  overlayer.  By  collecting  the  current  which  passes  through  the 

SC?1C0undUCt0r  aS  3  funCti0n  0f  tip  position  and  tiP  bias,  information  about  the  local 
chottky  barner  height  and  the  hot-electron  transport  properties  can  be  obtained  on  a  nanometer 

ptoa/vT’  t0  p™perly  mterPret  spectroscopy  data  and  interfacial  images  obtained  with 
,  a  fundamental  understanding  of  the  scattering  process  within  the  metal  overlayer,  at  the 
metallurgical  interface,  and  within  the  Si  substrate  is  essential.  In  this  paper,  we  report  BEEM 
measurements  which  were  performed  to  determine  the  relative  imporLce  of  temperature- 
dependent  scattering  mechanisms  on  hot-electron  transport  across  Au/Si(100)  interfaces.  The 

Chf  T  aS  a  m0del  M'S  Primarily  because  of  the  relatively  single 

electronic  structure  of  Au,  a  lone  6s  electron  in  its  outer  shell  and  a  filled  inner  5d  shell  hi 

addition,  Au  is  a  noble  metal  which  provides  an  advantage  over  most  metals  in  that  it  can  be 
characterized  under  ambient  conditions. 

Although  Au/Si  has  been  the  most  thoroughly  studied  interface  with  the  BEEM  technique  it 

be^e  0f  ?e  m0St  controversial  interfaces.  In  the  first  BEEM  studies ’of 
,  y,  e  .  and  ^ajser>’  excePent  agreement  was  obtained  between  their  spectroscopy 
a  and  calculated  curves  which  were  derived  assuming  ballistic  transport  through  the  metal 
overlayer  and  transverse  momentum  conservation  at  the  interface.  However,  Schowalter  and  Lee 
made  die  observation  that  the  BEEM  spectra  for  both  the  Si(100)  and  Si(lll)  substrates  have 
s  ar  e  shapes  and  current  onsets  which  is  unexpected  since  transport  into  the  Si(l  1 1)  surface 
requires  a  large  transverse  crystal  momentum  component  while  transport  into  the  Si(100)  surface 
does  not.  Monte  Carlo  simulations  of  the  BEEM  spectra  using  a  model  which  conserves 
transverse  momentum  at  the  M-S  interface  were  performed  and  indicated  that  elastic  scattering  in 
the  Au  overlayers,  accompanied  by  multiple  reflections  off  the  surface  and  interface,  resulted  in  a 
near  isotropic  momentum  distribution  and  an  inherent  loss  of  spatial  resolution  at  the  M-S 
interface.  A^subsequent  BEEM  study  by  Lee  et  al.7  which  found  no  correlation  between  surface 
gradients  and  the  measured  BEEM  current  gave  support  to  these  Monte  Carlo  calculations  In 
contrast  to  these  results,  a  BEEM  study  by  Palm,  Arbes  and  Schulz8  which  directly  imaged 
fluctuations  m  the  Schottky  barrier  height  of  Au/Si(100)  interfaces  over  spatial  distances  of  ~15  A 
provides  evidence  that  transport  through  the  metal  overlayer  is  essentially  ballistic. 

To  complicate  matters  further,  a  microscopy  study  by  Fernandez  et  al.9  found  that  for  Au/Si 

r™CS  8r°Wn  ?tra'high  vacuum  OUHV)  conditions  on  bare  Si  and  imaged  in  air,  no 
BEEM  current  could  be  detected.  They  interpreted  the  lack  of  BEEM  current  to  the  formation  of 
a  disordered  Au-Si  alloy  at  the  interface  which  resulted  in  strong  scattering  of  the  BEEM 
electrons.  In  addition,  they  found  that  by  controllably  dosing  the  clean  Si  surface  with  various  gas 
molecules  before  Au  deposition  they  could  obtain  homogeneous  BEEM  currents  that  could  be 

iScA*abiy^Ch^ge^.  hJ  perfoimil?f  BEEM  at  tiP  biases  higher  than  ~3  V.  However,  a  recent 
s  dy  by  Cuberes  et  al.  of  Au/Si(lll)  samples  prepared  and  imaged  under  UHV 
conditions  found  that  BEEM  currents  could  be  obtained  at  tip  biases  as  large  as  8  eV  with  no 
?S?Tnt  “““““on  of  the  interface.  Their  synchrotron  based  photoelectron  spectroscopy 
,  \  reS  Js  also  “Seated  that  the  Au/Si  interface  formed  at  room  temperature  (RT)  is  an 

Sfif  .*T  T 3  SdlClde'like  SUlfaCe  ^gation  layer.  Trying  to  reconcile  these  results  is 
difficult  due  to  differences  in  sample  preparation  conditions  and  in  the  methods  of  detection  used 
by  many  of  the  groups  performing  BEEM  research. 


Although  the  experimental  evidence6'11  for  non-conservation  of  transverse  momentum  is  quite 
ng  or  u/  i  and  Pd/Si  interfaces,  the  precise  nature  of  the  scattering  mechanisms  is  not  well 
understood.  It  would  seem  that  symmetry  breaking  parallel  to  the  interface  would  be  a  sufficient 
condition  for  violation  of  transverse  momentum  conservation  since  these  are  non-epitaxial 

vr!!r1pm<m  °,ther  hand’  mcroscopy  311(1  spectroscopy  studies12'13  of  Au/GaP(110)  and 
g/GaP(110)  which  are  non-epitaxial  and  also  non-abrupt  interfaces  have  obtained  good 
agreement  between  curves  fitted  with  a  transverse  momentum  conserving  model  and  their 
experimental  data.  Presently,  it  is  not  clear  whether  these  discrepancies  result  from  an  additional 
source  of  scattering  that  may  be  present  at  Au/Si  and  Pd/Si  interfaces  or  from  the  method  which 
was  used  to  model  the  data  for  the  Au/GaP(110)  and  Mg/GaP(110)  studies. 

To  better  understand  the  scattering  mechanisms  at  Au/Si  interfaces,  we  have  performed  a 
temperature-dependent  BEEM  spectroscopy  and  RT  BEEM  microscopy  study  on  the  Au/Si(100) 

tSp  J*0*0800™  data  kdic3te  there  is  a  large  temperature  dependence  to  the 

knLh  nf  the^  ^ansirattf ce /et  only  3  sma11  temperature-dependent  change  in  the  attenuation 
lengthof  the  electrons  in  the  Au  overlayers.  From  these  results,  we  have  deteimined  that  the 

primary  temperature-dependent  scattering  mechanism  affecting  BEEM  electron  transport  is 
acoustic  phonon  absorption  in  the  Si  substrate.  Within  the  uncertainty  of  the  measurements  of  JL 
no  energy  dependence  was  observed  at  RT  or  77  K.  This  result  and  the  aforementioned  relatively 
small  temperature  dependence  of  Xa  indicate  that  the  mean  free  path  for  scattering  from  defects  in 
the  Au  overlayer  is  significantly  smaller  than  that  for  inelastic  electron-electron  scattering  or  for 
dectron-phonon  scattering.  Evidence  for  reductions  in  the  BEEM  current  for  large  surface 
gradients  has  been  obtained  for  microscopy  images  taken  with  sufficiently  sharp  STM  tips  and 

with  the  pa,h  ***  *° 2-n*  £  £ 

protaMity  °f  transmission  is  independent  of  the  angle  of  incidence.  This  tesnlt  provides  strong 

h  “  ®  **  ®lectr°n  transport  through  the  Au  overlayer  is  essentially  ballistic  and  that  the 
observed  violation  of  transverse  momentum  conservation  occurs  at  the  interfacial  region. 


IIB.  Hot-Electron  Scattering  Processes 


A  schematic  of  BEEM  electron  transport  across  a  M-S  Schottky  interface  is  shown  in  Fig  6 

wWrhT  mJ6Cted  mt°-^e  ™tal  0verlayer  from  STM  tip  will  have  an  energy  distribution 
which  decays  exponentially  from  a  maximum  value  of  eVT.  All  electrons  which  approach  the 

semiconductor  region  with  an  energy  which  is  less  than  the  Schottky  barrier  height,  3>s,  whl  be 
scattered  back  into  the  metal.  A  fraction  of  the  electrons  which  approach  the  semiconducting 
region  withan  energy  greater  than  <J>S  will  travel  across  the  banier  and  be  detected  as  a  BEEM 

rgnitUfe  °f  ^  C0UeCted  BEEM  current  15  ^giy  fenced  by  scattering 

St™  “  m  ^  ^  metallur§ical  “^ace,  within  the  semiconducting 

determination  of  the  relative  length  scales  of  elastic  and  inelastic  scattering  processes  in  the 

resSitiontfBEEM  S  LT- “T  ^  ^  scattering  events  have  a  direct  effect  on  the 
SSrnhL  pi  ,!  md  “  ran^e  of  flayer  thicknesses  which 

absorotiofnf  arS  lCan  ***!? thstlcaiy  off  defect  sites  or  quasi-elastically  by  emission  or 
absorption  of  acoustic  phonons.  For  metals  with  more  than  one  atom  per  primitive  basis  the 

bSr  Akh  ab^tl0n  °f  °ptlcal  phonons  18  2180  P°ssible  (Au  has  only  one  atom  in  its  printitive 
basis).  Although  the  energy  quanta  of  acoustic  phonons  are  typically  on  the  order  of  a  few  meV 


the  energy  quanta  of  optical  phonons  can  exceed  50  meV  for  compound  metals.  Therefore,  the 

etermination  of  whether  electron  scattering  with  optical  phonons  is  considered  to  be  a  quasi¬ 
elastic  process  depends  on  the  particular  modes  available  for  that  system.  Hot-electrons  can  also 
undergo  inelastic  electron-electron  collisions  with  electrons  near  the  Fermi  level  resulting  in  an 
average  energy  loss  of  half  of  their  original  kinetic  energy.  When  the  inelastic  mean  free  path  for 
scattering,  \h  is  of  the  same  order  as  the  elastic  mean  free  path,  Xq,  the  transport  process  is 
essentially  ballistic  since  electrons  which  have  undergone  multiple  scattering  events  will,  on 
average  not  have  enough  kinetic  energy  to  cross  the  Schottky  barrier.  In  this  limit,  the  BEEM 
current,  lb,  should  show  a  clear  exponential  dependence  on  metal  film  thickness  with  Xa  measured 
in  a  BEEM  experiment  given  by  l/\a  =  lAi  +  lAe.  In  the  limit  where  «  K  the  transport  is 
expected  to  be  diffusive  in  nature  since  the  probability  of  undergoing  multiple  elastic  scattering 

e“re  STeTmgJ ”ekstically is  ^  This  will  result  in  an  electron  momentum  distribution 
at  the  M-S  interface  which  is  completely  independent  of  the  momentum  distribution  at  the  point  of 
injection.  r 

At  the  M-S  interface,  a  fraction  of  the  incident  electrons  will  backscatter  into  the  metal 
overiayer  due  to  quantum  mechanical  reflection.  For  non-epitaxial  systems  and  non-abrupt 
interfaces,  there  will  be  a  break  in  symmetry  parallel  to  the  interface  which  will  result  in  additional 
scattering  at  the  interface.  For  epitaxial  systems,  the  transverse  momentum  of  the  electron  is 
expected  to  be  conserved  as  it  travels  from  the  metal  to  the  semiconductor.  This  condition  will 
result  in  a  critical  angle  for  transport  into  the  semiconductor  substrate  which  increases  as  a 
fiinction  of  the  energy  of  the  mcident  electron  .  As  a  direct  consequence  of  transverse  momentum 
conservation,  either  a  delayed  or  soft  threshold  for  Ib  is  expected  for  electron  transport  into 

semiconductor  surfaces  where  the  projection  of  the  conduction  band  minimum  is  not  on  the 
surface  Brillouin  zone  center. 

Within  the  semiconductor  substrate,  electrons  can  scatter  by  emission  or  absorption  of  either 
acoustic  or  optical  phonons^  As  shown  in  Fig.  6,  the  position  of  the  Schottky  hairier  maximum  is 
not.at  the  metallurgical  M-S  interface  but  is  shifted  by  a  few  nanometers  into  the  semiconductor 
due  to  the  image  potential.  Electrons  with  energies  just  over  the  threshold  for  transmission  that 
excite  phonons  in  the  region  before  the  Schottky  barrier  maximum  are  expected  to  have  a  high 
probabihty  of  re-entermg  the  metal.  Beyond  the  Schottky  barrier  maximum,  the  internal  electric 
field  in  the  depletion  region  accelerates  the  electrons  toward  the  interior  of  n-type 
semiconductors.  Therefore,  the  effect  of  phonon  scattering  on  the  magnitude  of  Ib  in  the  region 
beyond  the  Schottky  barrier  maximum  depends  on  the  doping  density  of  the  semiconductor  since 
this  defines  the  length  of  the  depletion  region,  and  thus  the  acceleration  rate.  For  the  2-4  ft-cm 
samples  used  in  this  experiment,  the  distance  to  the  Schottky  barrier  maximum,  dSBM,  and  the 
ep  etion  depth,  d^,  are  calculated  to  be  ~50  A  and  ~1  pm,  respectively14.  Since  this  is  a 
relatively  low  dopmg  density,  electrons  which  scatter  in  the  region  just  beyond  the  Schottky 
bamer  maximum  are  expected  to  have  an  equal  probability  of  either  re-entering  the  metal  or 
passing  through  the  semiconductor  depletion  region.  Once  the  kinetic  energy  of  the  electrons  in 
e  semiconductor  exceeds  Eg,  electron-hole  pair  generation,  or  impact  ionization,  becomes 
possible.  Since  the  internal  electric  field  in  the  semiconductor  will  sweep  the  electrons  toward  the 
occms15^  SenUC0nduCt0r  and  **  hole  ^ards  the  metal,  an  electron  multiplication  process 


cov«Ln^d^Vnd=nrSAm0rc  tha",a  feW  m°n0layerS  thick’  **■  «%•  “d  are  expected  to  be 

erage  independent.  Assuming  that  quantum  interference  effects  can  be  neglected  the  BEEM 

current  can  then  be  expressed  as  a  product  of  the  transmissivities  through  Ae  SSl  overlap 

Tnl  ??******«  2,1(1  tou*h  semiconductor  deletion  re^oT *£ 

ShT”  ,°h  r  T15  T  mvax  the  metal  rcgion  with  “CT8y.  E.  Wffl  decay  e$onentiSy 
m±  the  path  length  to  the  metallurgical  interface,  d^cosC©),  where  0  defines  the  injection  angle 

fromdtc  surfa*  notmal  This  results  in  the  following  expression  for  the  measured  bSiM 


WE.T.dnJ  -  la,  A(E)  B(E,T)  exp[-dm  /  k,(E,T)  cos(6)],  gj 

where  A(E)  u;  a  kinematic  transmission  factor  for  electron  transport  from  the  metal  overlaver  into 
the  semiconductor  lattice,  B(E,T)  is  the  transmission  factor  for  electron  transport  too^h^ 

,““°r  ep  ed°“  reg“n'  “d  4  is  the  injected  current  into  the  metal  overlayer.  The 
actor  A(E)  is  assumed  to  be  independent  of  the  angle  of  incidence,  which  results  from  the 

X  (ET1  shouH  "°“'Consemno”  of  >™isverse  momentum  at  the  interface6.  Both  B(E,T)  and 
snSriv  m  ^  ^  temperature-dependent  since  the  path  length  for  phonon  absorption  will  depend 
strongly  on  the  phonon  populabons  m  the  metal  and  semiconductor  regions.  P 

IIC.  Experimental 

whiVh£« '  !lEM  measuremenuts  were  Performed  with  a  modified  Kaiser-Jaklevic  STM  design16 
h  has  three,  separate,  orthogonal,  planar  piezo  drives  for  tip  control  and  uses  a  steDDer  mntnr 
for  the  fine  approach  of  the  sample.  He  SIM  is  housed  in  a  hquid  wMch 

is  mco^orated  mto  a  glove  box.  To  perform  low  temperature  BEEM,  tlfe  dewar t  pZd  S 
gh  punty  N2  before  backfilling  with  LN2.  Although  the  original  design  of  the  STM  placed  the 
bp  enrrent  amplifier  and  BEEM  current  amplifier  in  die  dewar  near  L  ^reduce 

L  .i  fr'jh  slgnificant  changes  in  the  performance  characteristics  of  the  operational  amplifiers 
^  the  feedback  resistors  were  observed  when  immersed  in  LN2.  Since  maiL^glZiSS 

gain  which  is  mdependent  of  the  temperature  of  the  sample  is  crucial  to  measuring  the 
mperature  dependence  of  the  BEEM  transmissivity,  the  amplifiers  were  moved  outside  of  the 

standLd  BNC b°XCS  wMch  “*  attached  t0  S™  support  flange  via 
standard  BNC  connectors.  Low  temperature  compatible  ultra-thin  coax17  is  used  to  cairl  the 

sisals  to  die  amplifiers  with  the  outer  conductor  biased  at  the  same  potent  as  S 

conductor  to  reduce  capacitive  coupling.  The  outer  insulating  sheath  of  the  coax  was  also 

move  to  improve  the  flexibility  of  the  coax  at  low  temperatures. 

was”aDDfedto  the^hark<nfCy  TJ  E12'’2™1  fr°m  n'tyP'  2‘4  a<m  Si'  0hmic  contact 
v  PP  ,  e  back  of  each  sample  by  melting  indium  onto  an  area  of  the  sample  which  had 

S?  £23?  M,h  2  “  «*■  of  ihc  Ohmic  contects  nLT^ 

were  chccted  by  mcasunng  the  resistance  across  Si  samples  with  indium  applied  to  both  the  front 

and  back  of  the  sample.  Resistance  values  across  these  In-Si-In  junctions  of  -40  O  at  RT  were 

STSSS SL1?  °uf  0f  Si  aWaS  Km°ved  by  tte.  «**»  fa  .  solution™ 

were  dried  with  high-purit^ N2  befTSrtion^ Sion^’TOe 


evaporated  from  a  tungsten  thermal  boat  source  through  a  shadow  mask  to  form  a  rectangular 
2.5  mm  x  10  mm  diode.  The  nominal  deposition  rate  was  ~0.5  A/s  and  was  monitored  with  a 
quartz  crystal  microbalance.  The  base  pressure  of  the  evaporation  unit  is  -lO’8  Torr  with  a 
typical  evaporation  pressure  of  -5  x  10-7  Torr.  Calibration  of  the  Au  overlayer  coverages 
measured  with  the  quartz  crystal  microbalance  was  performed  periodically  using  Rutherford 
backscattenng  at  a  separate  facility.  The  uncertainty  in  the  measurement  of  the  Au  overlaver 
thickness  is  estimated  to  be  within  ±5%.  It  is  also  noted  that  in  the  early  stages  of  this  study 
samples  were  prepared  by  applying  the  indium  contact  after  the  deposition  of  the  Au  to  prevent 
any  effect  that  solvation  of  indium  in  the  etching  solution  might  have  on  the  etching  procedure. 
However,  this  technique  often  resulted  in  images  with  large  changes  in  the  BEEM  current  which 
could  not  be  correlated  to  any  topographic  features.  It  is  assumed  that  this  effect  results  from 
mterdifussion  of  Au  and  Si  during  the  application  of  the  indium  since  a  previous  Auger  electron 
spectroscopy  (AES)/low  energy  electron  diffraction  (LEED)  study18  and  a  transmission  electron 
microscopy  (TEM)  study  have  provided  evidence  for  gold  silicide  formation  at  the  M-S 
interface  at  temperatures  well  below  the  eutectic  of  363  °C. 

Both  Au  and  Pt-Ir  (90:10)  STM  tips  were  chosen  for  the  BEEM  measurements  since  they  do 
not  form  a  native  oxide  under  ambient  conditions.  The  Au  tips  were  prepared  from  0.25  mm 
diameter  wire  either  by  DC  electrochemical  etching  in  a  50:50  HCl:ethanol  solution  or  by  cleaving 
at  a  very  sharp  angle  with  a  razor  blade.  Etching  produced  very  sharp  whisker-like  tips,  as 
examined  under  an  optical  microscope.  However,  instabilities  in  the  tunnel  current  during  the  fine 
sampie  approach  were  often  observed  for  etched  tips  which  was  correlated  to  the  poor  mechanical 
rigidity  of  the  whisker-like  tip  structures.  Since  cleaved  tips  did  not  exhibit  instabilities  during  the 
fine  approach,  this  was  the  primary  method  used  for  making  Au  tips.  The  STM  images  from  both 
etched  and  cleaved  Au  tips  showed  similar  topographies.  The  Pt-Ir  tips  were  prepared  from 
0.50  mm  diameter  wire  by  cutting  the  wire  at  a  very  sharp  angle  with  ordinary  wire  snippers. 
Since  previous  STM  studies  with  Au  tips  have  shown  that  Au  atoms  field  desorb  at  a  relatively 

low  tip  bias  of  -3.2  V  ,  the  energy  range  for  our  spectroscopic  data  was  limited  to  1.2  eV  to  stay 
well  below  the  field  desorption  limit  y 

HD.  RESULTS 


BEEM  spectroscopy  spectra  were  obtained  at  both  RT  and  77  K  over  a  range  of  Au  overlayer 
thicknesses  from  -65  A  to  -340  A.  A  semilog  plot  of  the  percent  transmittance  (Ib/It  x  100)  as  a 
function  of  Au  overlayer  thickness  at  a  tip  bias  of  -1.2  V  is  shown  in  Fig.  7.  A  minimum  0f  80 
spectra  were  collected  over  a  surface  area  of  -2000  A  x  -2000  A  for  each  coverage  and 
temperature.  A  histogram  of  the  transmittances  was  plotted  for  each  data  set,  and  the  value  of  the 
average  transmittance  was  derived  by  fitting  a  Gaussian  curve  to  each  histogram  with  the  error 
ars  representing  the  full-width  at  half-maximum  of  the  curve.  For  coverages  with  both  a  77  K 

“J1  RJ  trailsl™ttance’  both  data  sets  were  collected  from  the  same  sample  within  6  hours  of  each 
other  (the  RT  data  was  collected  first).  The  linear  curves  through  the  data  sets  represent  least-. 
squares  fits  applied  to  the  data.  Since  averaging  over  such  large  data  sets  should  eliminate  any 
effects  of  surface  gradient  on  the  transmissivity,  X,  can  be  obtained  from  the  inverse  of  the  slope 


toe  “r°  tenSth  'ransmittance>  ^T)  =  A(E)B(E,T),  is  obtained  from 

•nie  absolute  value  of  A(E)  and  B(E,T)  can  not  be  detemtined  independently  from  our 

caSSTthe  rafoTT  dependence  of  B(E,T)  can  be  determined  by 

I,Sr°  **  transmittances  at  77  K  and  RT,  I„(E,77K)/I„(E,RT)  = 
B(E,77K)/B(E,RT),  since  A(E)  is  expected  to  be  independent  of  temperature.  A  50  meV 

“(E  ^TJCVUER-n  ^  T,  'd  T  ““““  “  E‘  °f  Si  a‘ l0W  ““Peratures;  therefore,  the  ratio 

nlZUin  F f°  a  CfCul!ted  for  constanI  energy  in  the  Si  conduction  band  and  is 

plotted  m  Fig.  8a.  A  value  of  1.79  ±0.09  over  a  kinetic  energy  range  of  140  meV  to  380  meV  * 

",  j**  "  W^tely  half  of  die  elects  which  cross  inn,  dte  l^don 
gion  at  RT  back  scatter  into  the  metal  overlayer  after  phonon  absorption. 

A  plot  of  X.  as  a  function  of  tip  bias  at  both  RT  and  77  K  is  shown  in  Fig.  8b.  With  our 
instrumentation,  X.  cotdd  be  measured  accurately  down  to  energies  of  -100  meV  above  d>s  over 
te  range  of  An  toictaiesses  measured  in  this  study.  A  value  of  133  ±2  A  and  147  ±6  A  were 

for Tu liZ^*  T  ^  n  rcSpeCtiVely'  M  can  >»  “<=”  Fig.  8b,  no  energy  dependence 

for  ^  at  etdter  temperature  is  observed  within  the  uncertainty  of  the  measurements.  The  value  of 

nf  j  f°r  at  RT  deviates  slightly  from  the  previously  measured  values  J'” 

of  125  A  and  140  A  for  Au/Si  BEEM  measurements.  This  deviation  most  Hkely  results  from  our 
measurement  of  X.  over  a  larger  range  of  sample  thicknesses  than  in  the  earlier  smdies.  However 
deferences  m  the  sample  preparation  procedure  and  in  the  uncertainties  of  the  metal  overlaver 
thicknesses  may  also  account  for  these  slight  discrepancies.  In  contrast  to  th“  rnsdfr  ^ 
attenuation  length  of  X.  =  30  A  for  the  system  Au/GaP(110)  was  derived  from  Monte  Carlo 
sunulauons  of  BEEM  dam'2.  This  low  value  for  *.  is  probably  an  effect  of  die  tofferentgrowto 
morphology  of  Au  on  GaP(l  10)  over  the  range  of  thicknesses  measured  in  their  study. 


flD.2  Room  temperature  BF.FM  imaging 


that  n  tfl0U8,h  °“  SpeCtr0SC°Py  data-  which  measured  only  an  1 1%  increase  in  X,  at  77  K,  indicate 
te  T3"?”8  &°m  aC°“SdC  Ph0n0°s  fa  Au  has  a  negligible  effect  on 

elastZZZZZZZf”  tta”smissl0'1  Pmhability,  this  does  not  preclude  dZpossibility  that 
elastic  scattenng  wdl  affect  the  trajectory  of  electrons  in  the  metal  overlayer  Therefore  a 

Smfr 3?™  ”^acopy  aialysis  of  several  Au/Si(100)  samples  was  performed  with  toth  Au 

ScZZ  Sta l“,a  timPt  “  C0Ire'ate  ^  t0P°®raPhic  features  widi  changes  in  the 
BtEM  current.  Smce  electron  mjection  over  a  surface  topographic  feature  with  a  non-zero 

^KM  c^mZZd  taPZ  le“Z  “I the  M‘S  faterfaCC’ il  is  exPected  **  h.  the 

“S  be  observed  at  large  surface  gradients.  This  effect  is  often  called  the 

Of  i„  u1'  efPec.‘-  A  cal eolation  of  the  expected  reduction  in  the  BEEM  current  as  a  function 

ZZ”  HSd  9'  ?*  “  «-•  «*  pmbability  of  tiansSn 

across  the  bchottky  bamer  is  mdependent  of  the  angle  of  incidence,  i.e.  transverse  momentum  is 

obsZe  ^ZhbZd1”  '■  A“  a  veIy  ^  smface  gradient  is  needed  to 

a  50%  reducZ  W  “  Ib  (f°F  3  50  A  ovcrlayer'  a  gradient  of  -70°  is  needed  to  observe 

gJZ'T a 300  A  ,  8eI  Z  °V"layer  thiCkn“S'S>  Ia  *  m°re  sensi,ive  *» 
gradient  (for  a  300  A  overlayer,  a  gradient  of -40°.  is  needed  to  observe  a  50%  reduction  in  I  1 

but  the  magnitude  of  I,  is  near  the  limit  of  detection.  a  ou  4,  reduction  in  IB), 
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the  tiDTD™  l!  measured  with  Au  tips  and  Pt-Ir  tips,  it  was  detennined  that 

1  PrraT  01  kflUenCeS  ^  Spatial  rcsolution  of  BEEM.  For 
magrng  with  Au  tips,  changes  in  the  tip  geometry  were  often  observed  during  STM  scans  and 

fen  resulted  in  featureless  images  which  we  correlate  to  an  extremely  blunt  tip  apex.  Imaging 

mth  Pt-Ir  tips  produced  much  more  consistent  STM  topographies.  A  schematic  of  die  effecS 

tip  apex  geometry  has  on  the  resolved  surface  topography  and  on  the  injection  a^de  of  Te 

ri  ^tr°JJSri1S  Sh°wn  “  Flg-  10  where  dashed  lines  represent  the  resolved  topographies  for  each 

a  spatial  extent  of  ~50  A  to  -200  A  and  heights  from  ~30A  to  -80  A  were  observed  Since 

near^e^otomof rif6  k°  appreciable  changes  ”  die  BEEM  current  exist  only 

i  S  f  A  c[evices  between  these  rounded  structures,  a  sharp  tip  protrusion  which  l 

longer  than  the  average  height  of  the  rounded  surface  structures  is  needed  to  probe  these  regions 
as  shown  in  Fig.  10b.  A  BEEM  image  of  a  -500  A  x  -500  A  area  of  a  103  A  Au/Si(100)  s^nole 
imaged  with  a t  Pt-Ir  tip  is  shown  in  Fig.  1 1.  Asymmetric  surface  features  are  observed  fa  S 
pography  shown  in  Fig.  11a  with  surface  gradients  as  large  as  -75°  being  measured.  The 

-85?  whteh  8  BEf?  m?e.Sh0Wn  “  Hg‘  llb  Sh0ws  regions  of  reduced  BEEM  current  of  up  to 
-85%  which  correlate  with  the  regions  of  the  STM  topography  where  high  surface  gradients  were 

measured.  During  collection  of  the  data,  the  reductions  in  the  BEEM  current  werf  observed  for 

tlT  nT5  ^  i“diCateS  that  "*  tom  fte  nactoTof  t 

feedback  control  system.  Images  performed  below  the  Schottky  barrier  height  were  also 

featiireiess  which  precludes  the  possibility  that  the  features  observed  due  to  a  coupllg  ofte 
BEEM  current  with  the  signals  from  the  piezoelectric  drives.  P  g 

HE.  Discussion 


,  nf“re  of  the  frahsmissivity  plots  at  both  77  K  and  RT  shown  in  Fig  7  gives 

o7-65  A  m‘  ^T^ti0nnlength  ",0de1,  Eqn'  D1’  *  vaUd  for  A“  overlayers  ovef die 
range  of  65  A  to  -340  A.  The  observation  that  the  attenuation  length  in  the  metal  and  the 

si^eThTT  thr°Ugh  ?e  Semiconductor  depletion  region  are  temperature-dependent  is  expected 

eTtoat  ^mrariP0?7atl0,1S  ”, b0th  rc8i0m  Sh0Uld  deCrcase  as  a  fmcem  of  temperanS.  To 
ovSr  boTlf^t  IaCtl0“  le”f“  of  both  elastic  “»  “olaaic  scattering  events  in  the  metal 
overlayer,  both  die  temperature  and  the  energy  dependence  of  A,  must  be  taken  into  account 

ssunung  that  the  contribution  of  multiply  scattered  electrons  to  the  BEEM  current  can  be 

"sfr-  i^e:7r!o^n8f  °?c  beem  b  ^  ^  <££££ 

as  1/A.  -  1/A,  +  l  Apa  +  1/A,  where  A,  is  the  path  length  for  inelastic  electron-electron  scattering 
V  ia  the  path  length  for  acoustic  phonon  scattering,  and  A*  is  the  path  length  for  defect 
scattering.  Since  sharply  reduced  BEEM  currents  at  regions  of  large  (padients  to  the  smface 
pography  have  been  observed,  this  strongly  suggests  that  this  approximation  is  valid.  The 
probability  for  inelastic  electron-electron  scattering  is  theoretically  predicted  to  have  a  (E  +  EF)/E2 
qpendence  where  EP  is  the  Fermi  energy  of  the  metal23.  This  should  result  in  a  decrease  in  A,  of 
-40%  over  the  energy  range  0.9  eV  to  1.2  eV.  Therefore,  the  lack  of  energy  dependence  for  A 
mchcates  tat  the  path  length  for  elastic  scattering  events  is  considerably  Li£  thTto  fe 
election-electron  scattenng.  The  value  of  V  is  expected23  to  be  approximately  equal  to  Z 
uctivity  mean  free  path  of  pure  bulk  Au  which  is  417  A  at  273  K  and  1668  A  at  77  K .  Since 
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the  measured  value  of  A,  is  only  133  A  at  RT  and  a  relatively  small  11%  increase  in  this  value  is 

measured  at  77  K,  this  indicates  that  the  scattering  in  the  metal  overlayer  is  primarily  dominated 
by  elastic  scattering  from  defect  sites. 

One  might  be  tempted  to  conclude  that  the  measurement  of  a  smaller  value  for  A*  than  h 
should  result  in  diffuse  transport  through  the  metal  overlayer.  However,  the  actual  magnitude  of 
K  which  is  required  for  transition  to  the  diffuse  transport  regime  is  difficult  to  determine  from 
first  prmciples  Our  experimental  observation  of  the  “search-light  effect,”  as  well  as  previously 
pubkshedBEEM  results  for  Au/Si  interfaces ,21  which  have  measured  nanometer  resolution  at  the 
M-S  interface  for  similar  Au  overlayer  thicknesses,  indicate  that  the  electron  transport  is  ballistic 
In  other  words,  once  an  electron  is  deflected  from  its  original  trajectory  by  an  elastic  scattering 
event,  the  probability  of  it  eventually  crossing  the  M-S  interface  without  undergoing  an  inelastic 
scatter  is  still  quite  low  for  the  defect  density  of  these  films. 

.  ?“ce  RT  grown  Au/Si(l°°)  ^  a  non-epitaxial  system  with  a  very  large  lattice  mismatch 
(-25%),  it  is  expected  that  the  metal  overlayer  will  have  a  very  large  defect  density  during  the  first 
several  layers  of  growth.  In  fact,  a  previous  AES/LEED  study18  of  Au/Si  interface  growth  at  RT 
has  indicated  that  gold  silicide  is  present  in  the  overlayer  and  that  no  long  range  order  is  observed 
witii  LEED  for  coverages  up  to  -100  A.  Beyond  this  coverage,  no  gold  silicide  was  detected  and 
diffuse  nng  structures  which  transformed  to  distinct  multi-domain  (111)  LEED  spots  by  a 
coverage  of  -300  A  were  observed.  This  growth  morphology  may  also  partially  explain  the  large 
discrepancy  of  the  value  of  \a  measured  by  BEEM  and  by  internal  photoemission  since  the  Au 
film  thicknesses  measured  in  the  internal  photoemission  studies  were  considerably  larger  than 
those  measured  in  this  study.  In  fact,  Ludeke  and  Bauer11  have  come  to  a  similar  conclusion  for 
the  large  discrepancy  between  the  value  of  Aa  that  they  measure  for  Pd/Si  with  BEEM  (31  A  at 
1  eV)  and  the  value  measured2  by  internal  photoemission  (170  A  at  0.85  eV).  For  epitaxial 
systems  where  the  metal  overlayer  defect  density  can  be  more  carefully  controlled,  there  should  be 
better  agreement  between  the  attenuation  lengths  measured  by  BEEM  and  internal  photoemission 
Attenuation  length  measurements  at  77  K  for  the  epitaxial  CoSiVSidll)  interface  have  resulted 
in  values  of  A.a  -  70  A  by  BEEM  spectroscopy25  and  Aa  =  90  A  by  internal  photoemission26  at  an 
energy  of  0.8  eV  which  gives  credence  to  this  model. 

__  jP?e  measurement  of  almost  twice  the  transmissivity  through  the  depletion  region  of  the  Si  at 
iii1S  m  dUreCt  contradiction  wito  previous  analytical  calculations27,28  which  predicted  only  an 
-15%  increase  in  the  transmissivity  for  Au/Si  at  77  K.  Both  studies  modeled  the  temperature- 
ependent  collection  efficiency  in  the  depletion  region  as  due  to  electron  interactions  with  the 
63  meV  transverse  optical  phonons  in  Si.  However,  all  semiconductors  with  the  diamond 
structure  have  a  low  frequency  transverse  acoustic  phonon  branch  which  has  an  anomalously  flat 
dispersion  away  from  the  zone  center  that  results  from  the  strong  coupling  of  the  lattice  ions  with 
the  electronic  states  in  the  semiconductor29.  It  is  expected  that  electrons  over  the  energy  range 
measured  in  this  study  should  have  a  significant  probability  for  interaction  with  these  thermally 
excited  tamsverse  acoustic  phonons  .  In  addition,  the  transverse  acoustic  phonon  energy31  of 
-20  meV  for  Si  is  small  enough  to  expect  a  significant  population  of  this  mode  at  RT.  Since  the 
models  used  in  the  previously  mentioned  analytical  calculations  only  considered  electron 
scattering  with  optical  phonons,  the  neglecting  of  acoustic  phonon  scattering  modes  is  the  most 
pro  able  origin  of  the  large  discrepancy.  This  large  coupling  of  the  electrons  to  the  acoustic 
phonon  modes  may  also  partially  account  for  the  similarities  of  BEEM  spectroscopy  data  for  both 
me  bt(lUO)  and  Sl(lll)  surfaces  since  phonon  scattering  events  before  the  Schottky  barrier 


W0f^.pr°:ide  “J^*01131  source  of  transverse  momentum.  However,  the  relative 
non  f  ^  compared  t0  mattering  at  the  interface  which  results  from  the 

deoende^RFFM16  ^  ^  AU/S*  ^  DOt  1x5  determined  at  ^  time  since  temperature- 

dependent  BEEM  measurements  on  the  Au/Si(ll  1)  have  not  been  performed 

cert^?^e^°7Hnearly  featUrdeSS  BEEM  of  Au/Si(100)  by  several  groups  is  most 
cemrnly  an  effect  of  tip  apex  geometry.  Although  we  have  obtained  images  which  show  clear 

T  e,nCe  e  Seffc  effect>  *e  great  majority  of  images  taken  with  both  Au  and  Pt-Ir  tips 

11  «-  of  the  tips  with  an  apex  to  allows 

l  Sf  "  'yP  ys  “  “  3  fraCti0n  °f  a  BEEM  sc“  (■  Wical  BEEM 
m%&r  dur  ra®*cope).  This  is  presumably  due  to  the  delicate  natuie  of  such  a 
shatp  protrusion  Smce  the  yield  strength  of  Pt-Ir  is  approximately  twice  to  of  Au,  the  superior 
mechanical  stability  of  Pt-Ir  tips  during  imaging  is  not  unexpected.  Although,  the  quality  of  Au 

m  V™81”8  w“  found  t0  be  Wta-  to  Pt-Ir  tips,  the  contrary  was  true  for  spectroscopy.  Tip 
contamination  problems  were  not  encountered  very  often  for  either  Au  or  Pt-Ir  tips  at  RT 
however  large  instabilities  m  the  tunneling  current  were  often  observed  when  using  Pt-Ir  tips  at 
77  K.  Therefore,  all  of  the  spectroscopy  data  reported  in  this  paper  were  taken  using  Au  STM 

,  '^h?gh  the,tip  apex  8eometIy  “  found  t0  P*ay  a  major  role  in  the  observed  BEEM 
foS  P^dure  might  also  explain  some  of  the  discrepancies  observed 

S',, -fT”  ^  f‘ taetfaCeS'  IdeaUy'  preparinS  samPfes  “”dCT  UHV  conditions 

taten  to^nmm  tLTth*  S  '4  cona™>alion  free  interfaces.  However,  great  care  must  be 
ton  to  ensure  that  the  Au  source  is  properly  outgased  before  deposition  since  Si  is  a  very 

reaenve  surface.  For  Si  samples  prepared  by  a  wet  chemical  eJch  before  Au  deposing 
„J—  Pr°ble™  durnig  deposinon  are  reduced  since  the  Si  surface  is  left  with  a  hydrogen 
p  anon  layer  On  the  other  hand,  contamination  problems  can  occur  during  the  etching 
process  itself  if  the  composition  of  the  etching  solution  is  no.  carefuliy  controlled  Sto  PM 

oT^ertor  I*  8°W  "•"**“  by“  d™*  <■*  «« 

DCCt  l  Lu  -  r  ’  a  NPK,  that  Sfflcide  kyer  would  bav=  «n  Averse  effect  on 
BEEM  imaging  performed  in  air  due  to  the  formation  of  an  insulating  SiOr  overlayer.  No 

indication  of  this  effect  has  been  observed  for  the  samples  prepared  in  tins  smdy  which  either 

to  th^  “  eff“tivdy  bmied  for  **  of  sample  thicknesses  measured  in  this 
study  or  that  the  hydrogen  passivanon  layer  prevents  the  formation  of  the  silicide  layer. 

IIF.  Conclusions 


that  h  S  u  °f  ener§!  dependence  md  Ae  relatively  small  temperature-dependent  change  in  Xa 

^frrt?nbeeTeaSUred  T?  BEEM  316  consistent  dominance  of  electron  scattering  from 

,  *  7h  ^  ran§ef  f  AU  °VerlayerS  measured  h  Ms  study-  In  addition,  the  large  discrepancy 

between  the  values  of  K  measured  by  BEEM  and  internal  photoemission  for  Au/Si  samples  to 

P  a  •  y  nttrtbuted  to  the  different  growth  morphology  of  Au  at  the  higher  coverages 
measured  in _  the  internal  photoemission  studies.  Our  transport  measurement^  which  hfve 

5<!hthat  dl?0St  half  0f  electr°ns  which  pass  into  the  Si  depletion  region  are  scattered 
rj111?  ^  r|g°n  at  RT  due  to  phonon  absorption,  indicate  that  previously  published 


The  measurement  of  the  “search-light  effect”  fnr  An/Qinnm  . 

BEEM  efecnon  transport  through  the  &  overlay 

?  JaKd  'totrons  through  the  Au  overlayer  remains  unchanged,  at  energies  ud  to  12  evTnrt 
for  overlayer  dncknesses  up  to  a  few  hundred  Angstroms.  The  obsemd3  feCete  BEEM 

Zg!£PrerS  *"?*  ta  tan  a“  “  «*  ofanexnemely  shai  ^m™ 

P“*S-  agreenMm  between  to  experimentally  observed  md  the  calculated 
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Tip  Metal  Semiconductor 


Sf™  t5‘  Sf™hC  fBEEM  eIectron  transport  across  a  metal-semiconductor  Schottky  interface  (not 
to  scale).  For  electrons  injected  into  the  metal  overlayer  with  a  tip  bias  greater  than  the  Schottky 
bamer.  ®s.a  fraction  of  the  injected  electrons  will  travel  across  the  barter  and  be  detected  as  a  BEEM 

overSr  ?f  ?•  B*?M  Cmfnt 15  StrongIy  influenced  by  scattering  processes  in  the  metal 

overlayer,  at  the  metallurgical  interface,  and  within  the  semiconducting  substrate. 


^Transmittance 


41 


•  77  K 

■  300  K 


80  120  160  200  240  280  320 

Au  Thickness  (A) 


AWSi(lOO)  samples  a«  77  K(ciiclK)  aid  RT(smi  ^  100'  a  up  bias  of  4.2  V  measured  on  several 
coverage  and  temperature  The  linear  curves  A,muumum  of  80  were  coUected  at  each 

the  data.  From  the  slope  and  intercept  of  theS™811  represents  least-squares  fits  applied  to 

o^yer. lOT8,h0f ' * 


Figured:  (a)  Plot  of  the  ratio  of  the  zero  thickness  transmittance  at  77  K  to  that  at  RT,  I0(77K)/I0(RT),  a; 
a  function  of  kinetic  energy,  eVT  -  <DS)  in  the  semiconductor.  An  average  value  of  1.79  ±0.09  over  tht 

f 140  10  380  mCV  k  °btained  fOT  ^CTTK^CRT).  (b)Plot  of  the  attenuate 

I  ™  mtbeAu  °Veriayer  atboth77K  (<^des)  and  RT  (squares)  as  a  function  oi 
hp  bij.  Qniy  a  slight  temperature  dependence  to  X*  is  observed,  X^OOK)  =  133  ±2  A  and  Xa(77K)  = 

147  ±6  A.  Withm  the  experimental  uncertainty  of  these  measurements,  no  energy  dependence  ofX*is 


Ib(6)  /  Ib(0°) 


- *•  W*  (darfted  imes,  of  dm 

larger  than  the  actual  topographic  features  of  the  oirf  8  if1 3  U?  apei  wfllcfl  ^  3  radius  of  curvature 
regions  with  large  tnJSlw  t'  W1" ^e!ul,  “  an  *“>“%  »  resolve  the  surface 
tip  which  has  a  sharp  “mini  tip”  which  is  longer  thin  the T0UndQd  surface  structures,  (b)  Imaging  with  a 
result  in  a  measured  topography  which  closely  mimics  the  h'igl“  *  *  ***'  Wi“ 


Figure  11:  (a)  STM  topographic  image  of  a  -500  A  x  -500  A  area  of  a  103  A  Au/Si(100)  sample  (Vt  =  - 
1.2  V  and  It  =  5  nA).  (b)  BEEM  image  taken  simultaneously  with  the  topographic  image  shown  in  (a). 

TTie  grey  scale  range  for  the  BEEM  image  is  0-120  pA  with  dark  areas  representing  low  BEEM  current.  i 

The  grey  scale  range  for  the  STM  image  is  120  A  with  light  areas  representing  high  surface  features.  - 

unace  gradients  as  high  as  -75°  are  observed  in  the  STM  image  and  correlate  to  regions  of  the  BEEM  *' 

image  with  an  -85%  reduction  in  the  BEEM  current.  i 
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in.  Design  and  installation  of  a  scanning  tunneling  microscope  for  in-situ  topographic  and 
spectroscopic/BEEM  measurements  within  our  molecular  beam  epitaxy  machine 

A  scanning  tunneling  microscope  that  performs  scanning  tunneling  microscopy,  scanning 
tunneling  spectroscopy,  and  ballistic  electron  emission  microscopy  measurements  on  2-inch 
wafers  has  been  designed  and  constructed.  This  instrument  was  constructed  so  that  we  could 
make  BEEM  measurements  on  reactive  metal  surfaces  such  a  Pt  or  PtSi.  Prior  to  constructing 
4is  instrument,  we  had  tried  passivating  the  PtSi  surface  by  putting  down  a  protective  Au  layer 
However,  the  Au  layer  (particularly,  the  Au/PtSi  interface)  sufficiently  complicated  the 
interpretation  of  the  BEEM  measurements  that  we  found  this  scheme  unattractive.  The  in-situ 
^S/^™ent  is  incorPorated  into  the  Si  preparation  chamber  of  our  cryo-pumped  Fisons  V90H 
Si/w-V  molecular  beam  epitaxy  machine.  Its  design  uses  two  commercial1  Burleigh  inch  worms: 
one  for  performing  scanning  tunneling  microscopy  measurements  and  a  second  for  making  a  front 
contact  which  is  necessary  for  the  ballistic  electron  emission  microscopy  measurements.  A 
schematic  view  of  the  microscope  is  shown  in  Fig.  12.  The  substrate  holder  for  the  V90H  system 

“  rfS1fed  t0  handle  wafers  UP  t0  6  ^ches  in  diameter.  Therefore,  a  custom  6  inch  diameter 
holder  has  been  constructed  which  supports  two  2-inch  holders:  one  for  performing  reflection 
lugh  energy  electron  diffraction  measurements  and  a  second  which  allows  transfer  of  the  wafer  to 
the  scanning  tunneling  microscope  and  also  incorporates  a  removable  shadow  mask  for  growing 
metal/semiconductor  Schottky  diodes.  Although  the  chamber  vibrations  generated  by  the 
cryopump  and  its  compressor  are  quite  severe,  atomic-resolution  images  have  been  obtained  with 
all  of  the  system’s  pumps  in  operation  as  shown  in  Fig.  13.  The  enhanced  stability  of  our  design  is 
attributed  to  our  unique  support  system  of  the  inchworm  and  wafer  which  are  both  manufactured 
from  machinable  ceramic,  the  use  of  Be-Cu  springs  with  an  extension  length  of  16  inches  for 
vibration  isolation,  and  the  use  of  silicone  O-rings  for  vibration  damping. 

This  instrument  was  designed  and  constructed  using  ONR  support.  However,  we  initiated  work 
on  PtSi/Si  and  on  Pt/  CaF2  /Si.  In  Fig.  14,  a  BEEM  spectrum  obtained  for  PtSi/Si(l  1 1)  is  shown. 

current  onset  at  ~0.9  V  is  observed  in  the  specturm  which  corresponds  to  the  previously 
published  Schottky  barrier  heights  measured  for  this  system.2  As  mentioned  in  Section  I,  we  are 
interested  in  using  very  thin  layers  of  CaF2  as  resonant  tunnel  barriers.  The  in-situ  STM/BEEM 
has  allowed  us  to  start  exploring  the  local  electrical  and  morphological  aspects  of  this  system.3  In 
Fig.  15,  an  averaged  BEEM  spectrum  is  shown  of  a  10  nm  Pt  layer  deposited  on  a  0.6  nm  layer  of 
CaF2  on  Si(lll)  n-type  substrate.  The  most  interesting  aspect  of  this  spectrum  is  the  apparent 
resonant  tunneling  observed  through  the  Pt/  CaF2  layers  at  -1.8  V.  The  current  maximum  at 
about  -4  V  is  due  to  direct  injection  into  the  CaF2  conduction  band. 
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Figure  12:  Schematic  of  the  side  view  of  the  preparation  chamber  of  the  V90H  MBE  machine 
with  the  wafer-STM  installed.  The  STM  design  uses  two  Burleigh  inchworms:  one  which  has  a 
scanner  tube  for  STM  measurements  and  a  second  with  an  electrode  which  is  used  to  make  a 
front  contact  for  BEEM  measurements.  The  STM  incorporates  a  push-pull  device  to  allow  the 
transfer  of  wafers  through  the  preparation  chamber  to  the  deposition  chamber.  The  diameter  of 
the  preparation  chamber  is  15  inches  and  the  distance  from  the  STM  support  flange  to  the 
preparation  chamber  center  line  is  25  inches. 


Figure  13:  Constant  current  topographic  image  of  the  7x7  Si(lll)  surface  taken  with  all  of  the 
system’s  pumps  in  operation  (Itip  =  1  nA,  Vtip  =  -2  V). 
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Figure  15:  Averaged  BEEM  spectrum  for  a  2.  nm  Pt/  0.6  nm  CaF2  /  Si(lll)  n-type  interface  (Itip 
=  1  nA).  Note  that  the  spectrum  appears  to  show  resonant  tunneling  at  a  tip  bias  of  -1.8  V  which 
is  below  the  CaF2  conduction  band  at  -3.5  V  (i.e.  3.5  eV  above  the  Pt  Fermi  energy). 


STM  IMAGE 


Figure  16:  STM  image  of  the  2.  nm  Pt/  0.6  nm  CaFj  /  Si(  111)  surface  showing  the  nodules  of  Pt 
that  appear  on  the  as-deposited  surface.  In  addition,  the  atomic  steps  in  the  underlying  CaF-  are 
clearly  visible. 
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IV.  Conservation  of  momentum  parallel  of  the  interface 

We  have  demonstrated  the  fact  that  the  quadratic  threshold  observed  in  BEEM  spectroscopy 
and  in  internal  photoemission  spectroscopy  may  nothing  to  do  with  transverse  momentum 
conservation  at  the  M-S  interface  but  can  result  simply  as  a  consequence  of  the  density  of  states 
of  the  semiconductor  increasing  as  the  square  root  of  energy  near  a  threshold.  For  the  sake  of 
clarity,  we  assume  that  the  density  of  states  in  the  metal  is  constant  in  the  energy  range  near  the 
threshold  for  BEEM  current  Ib,  and  we  also  neglect  temperature  effects  (i.e.,  this  is  equivalent  to 
assuming  that  the  Fermi  energy  Ep  is  much  bigger  than  kT).  An  electron,  which  reaches  the  M-S 
interface  with  an  energy  E,  is  assumed  to  elastically  scatter.  The  probability  that  it  will  scatter 
into  a  semiconductor  state  (and,  thus,  be  detected  as  part  of  the  BEEM  current  7b)  is  determined 
simply  by  the  ratio  of  the  number  of  accessible  states  in  the  semiconductor  to  the  total  number  of 
accessible  states  in  both  the  metal  and  the  semiconductor.  Thus, 


h<y) 


oc 


dE  •  n(E) 


g,(S)v,(S) 
gmvm  +  gsvs  ’ 


av.i) 


where  E  is  measured  from  the  threshold  in  the  conduction  band  (or  valence  band  for  holes),  n(E) 
is  the  number  density  of  electrons  with  energy  E  which  reach  the  m/s  interface,  and  gi  and  Vj  are 
the  respective  density  of  states  and  group  velocities  (peipendicular  to  the  interface)  of  electrons  in 
the  semiconductor  (s)  or  metal  (m).  Note  that  this  expression  neglects  any  dependence  on  the 
direction  an  electron  is  traveling  when  it  reaches  the  interface  since  the  scattering  into  final  states 
is  assumed  to  depend  only  on  the  initial  energy  of  the  electrons.  Near  threshold,  when  V  -  <&g  is 

small,  this  integral  can  be  simplified  by  neglecting  the  energy  dependence  of  n,  gm,  and  vm  in  favor 
of  the  much  larger  energy  dependence  of  g„  and  v,  which  both  vary  as  4e  ,  where  E  is  measured 
from  the  minimum  energy  required  to  cross  the  Schottky  barrier.  Likewise,  gmvm  »  gsvs. 

Thus,  IB(V)  oc(y-Osy  very  near  threshold.  As  the  tip  voltage  is  increased,  the  energy 
dependence  of  the  number  density  of  electrons  will  have  to  be  taken  into  account  since  this 
function  should  be  peaked  near  the  Fermi  energy  of  electrons  in  the  STM  tip.  This  explains  why 
the  quadratic  increase  in  the  BEEM  current  observed  near  threshold  rolls  over  into  a  linear 
increase  in  BEEM  current  at  higher  STM-tip  biases. 

It  should  be  noted  that  this  argument  neglects  quantum  interference  or  quantum  mechanical 
reflection  (QMR)  effects  at  the  interface.  While  it  is  difficult  to  know  exactly  how  to  introduce 
these  effects,  Stiles1  has  indicated  that  QMR  probably  will  contribute  an  additional  1/2  power 
dependence  to  the  observed  threshold  behavior  in  analogy  to  the  situation  when  scattering  at  the 
metallurgical  interface  is  neglected2,3 .  It  should  also  be  noted  that  while  neglecting  the  angular 
dependence  of  scattering  is  surely  not  physical,  the  fact  that  both  no  scattering  at  the  M-S 
interface  and  complete  scattering  at  this  interface  both  give  rise  to  quadratic  thresholds  in  BEEM 
(and  photoresponse)  suggests  that  any  more  sophisticated  model  of  scattering  which  takes  into 
account  some  degree  of  transverse  momentum  conservation,  is  likely  to  result  in  the  same 
threshold  behavior. 
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V.  Monte-Carlo  calculations  of  ballistic  electron  scattering 

Ballistic-electron-emission  microscopy  (BEEM)  is  used  to  study  the  interfaces  between  metals 
and  semiconductors.  BEEM  uses  an  STM  tip  to  inject  electrons  (or  holes,  but  here  we  will  only 
use  the  word  electron  to  refer  to  both  types  of  singe-particle  charge  excitations)  into  a  thin  metal 
sample.  These  electrons  travel  ballistically  across  the  metal  layer  until  they  either:  (i)  lose  enough 
energy  to  no  longer  be  able  to  cross  the  Schottky-barrier  into  the  semiconductor,  or  (ii)  reach  the 
interface  and  cross  the  Schottky  barrier  into  die  semiconductor.  While  traveling  through  the 
metal  layer,  the  electrons  can  scatter  elastically  off  phonons,  defects,  the  interface,  or  the  surface. 
Similarly,  the  electrons  can  lose  energy  through  inelastic  scattering  events  with  other  electrons  or 
with  appropriate  defects,  or  with  more  energetic  phonons.  There  are  several  interesting 
parameters  which  we  wanted  to  model  about  this  behavior.  As  is  typical  of  Monte-Carlo  (MC) 
modeling  of  ballistic  transport  in  metal  layers,  we  have  chosen  to  model  scattering  in  the  metal 
layer  as  determined  solely  by  an  elastic  scattering  length  and  an  inelastic  scattering  length. 
However,  we  were  interested  in  how  different  initial  momentum  distributions  (which  is 
determined  by  the  STM  tip  separation),  and  interface  and  surface  scattering  affected  the  electron 
transmission  across  the  interface. 

The  program  is  written  in  C++  and  can  run  either  on  a  pc  desktop  computer  or  on  the  RS-6000 
networked  computers  that  we  have  at  Rensselaer.  The  initial  momentum  distribution  of  electrons 
is  computed  analytically  after  which  approximately  106  electrons  are  tracked  in  a  MC  calculation. 
For  the  more  complex  calculations  (using  actual  Si  band  structure  and  assuming  momentum 
conservation  across  the  interface)  the  program  will  take  up  to  8  hours  to  complete  a  complete 
BEEM  scan  where  the  tip  voltage  is  incremented  from  0.8  V  up  to  1.5  V  in  0.1V  increments.  We 
have  modeled  the  probability  that  an  electron  incident  on  the  interface  will  cross  into  the 
semiconductor  in  several  different  ways.  In  the  nearly  free  electron  model,  the  electron 
momentum  and  velocity  are  simply  related  to  each  other  (through  the  effective  mass  of  the 
electron)  and  it  is  assumed  that  the  electron  momentum  parallel  to  the  interface  is  conserved.  We 
consider  two  other  models  which  again  both  conserve  crystal  momentum  parallel  to  the  interface 
and  again  assume  that  the  electrons  in  the  metal  are  free-electron  like.  However,  the  actual  band 
structure  of  the  Si  semiconductor  is  used.  Since  the  projected  electron  minima  are  different  for 
the  (100)  and  (111)  cases,  quite  different  results  are  expected.  Finally,  we  consider  a  model 
(referred  to  as  the  density  of  states  model)  where  the  momentum  is  not  conserved  across  the 
interface.  Instead,  the  probability  that  the  electron  crosses  the  interface  is  taken  to  be 
proportional  to  the  number  of  accessible  states  in  the  semiconductor  (as  explained  in  Sec.  IV 
above)  divided  by  the  total  number  of  accessible  states  in  both  the  metal  and  the  semiconductor. 
We  have  also  modeled  the  effects  of  electron  reflection  off  the  interface  and  surface  (either 
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specular  or  diffusive)  and  the  effects  of  strong  inelastic  scattering  at  one  or  the  other  of  these 
surfaces. 

This  program  was  completed  near  the  end  of  this  project  and  while  we  have  generated  lots  of  data 
over  the  course  of  debugging  it,  there  has  not  been  much  opportunity  to  explore  different 
parameters  with  the  final  version  of  the  program  (earlier  data  suffered  from  an  error  in  the  band 
structure  calculations  of  momentum  conservation  at  the  interface).  In  Fig.  17,  a  comparison  of 
the  (100),  (111)  and  density  of  states  model  are  compared  when  the  tip  is  0.5  nm  for  the  sample, 
the  elastic  mean  free  path  (mfp)  is  taken  to  be  13  nm,  and  the  inelastic  mfp  is  varied  from  30  to 
120  nm.  The  key  thing  to  note  is  that  the  density  of  states  calculation  produces  a  quadratic 
threshold  while  the  (111)  orientation  produces  a  much  flatter  curve  which  is  not  seen 
experimentally.  We  hope  to  use  this  data  to  demonstrate  convincing  evidence  for  strong  elastic 
scattering  at  the  metal/semiconductor  interface. 

Figure  18  shows  typical  MC  calculations  of  BEEM  currents  at  fixed  voltage  as  a  function  of  metal 
thickness.  By  varying  the  elastic  and  inelastic  mfps,  we  can  fit  experimental  data  generated  by  our 
group  and  others.  An  important  feature  to  note  is  that  the  apparent  attenuation  length  changes  as 
a  function  of  metal  thickness.  This  effect  is  due  to  the  electron  rattling  off  the  front  and  back 
surfaces  and  is  very  sensitive  to  the  type  of  scattering  assumed  at  these  interfaces. 
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Figure  18:  The  natural  log  of  the  total  BEEM  current  is  plotted  as  a  function  of  metal  thickness  while  the  tip  bias  is  held  constant  at  -1.2V  and  the  tip 
separation  is  Fixed  at  0.5  nm.  The  apparent  nonlogarithmic  behavior  of  the  BEEM  current  at  thin  metal  thicknesses  is  due  to  electrons  being  able  to  rattle  back 
and  forth  between  the  front  and  m/s  interfaces. 


